We present a method to measure potentials over an extended region using onedimensional ion crystals in a radio frequency (RF) ion trap. The equilibrium spacings of the ions within the crystal allow the determination of the external forces acting at each point. From this the overall potential, and also potentials due to specific trap features, are calculated. The method can be used to probe potentials near proximal objects in real time, and can be generalized to higher dimensions.
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Trapped ions stand as one of the pre-eminent realizations for scalable quantum computation [1, 2] . One prominent method of scaling such systems to many qubits requires the shuttling of ions through structured geometries [3] . While such structures and shuttling processes can be simulated, stray static charges or minor misalignments in fabrication can cause the actual shuttling behavior to differ markedly from that calculated [4] . Furthermore, the operation of nominally identical traps can vary significantly [5] . The direct measurement of the electric fields in an ion trap thus provides an invaluable tool in understanding and optimizing trap operation. Fortunately trapped ions themselves can serve as immensely sensitive probes of their environment. They have been used to infer the spectral intensity of electric field noise [6] , as well as measuring AC [7] and DC [8] forces and electric fields equivalent to a few elementary charges at a distance of a millimetre. This paper describes the use of an extended, one-dimensional (1D) string of ions to measure the electrical potentials due to ion trap features. The method is simple and robust, requiring neither resolved-sideband techniques nor any assumptions of the trap's harmonicity [9] . It can measure both the total effective potential along a line, and the individual contributions due to selected electrodes.
The technique can also be extended to investigate external objects, such as the charging of nearby surfaces [8, 10] .
We consider a 1D string of singly-charged ions in a confining potential. The individual ions are acted upon by both the confining potential and the Coulomb repulsion of the other ions. Each ion, i, at position, x i , experiences a Coulomb force due to all other ions, j, given by
At equilibrium this force is equal and opposite to the force due to the external confining potential, F ext (x i ). Using the ion positions as interpolation points the function, F ext (x), can be numerically integrated to give the instantaneous confining potential in 1D (except for an unknown integration constant).
In an ion trap, particularly a segmented ion trap [11] , the total potential is due to the combined effects of a number of different DC electrodes, plus a (small) contribution from any axial component of the RF pseudopotential. In addition to this combined information, it is often useful to isolate the effects due to one particular electrode or feature. This can be achieved by taking repeated measurements, each time varying the voltage on the electrode of interest. The potential, ψ(x), will depend on the voltage on the electrode of interest, V A , and also on all other voltages, applied to all other electrodes. As the latter are held constant, they simply provide a constant background offset and are collectively termed V B . By simple use of the superposition principle, the difference between two potential measurements gives the effect due to the electrode of interest:
The addition of a voltage to one electrode will necessarily move the positions of the ions,
However, by interpolation, the extended nature of the string means that the potential ψ(x, 1, 0) can be calculated for all x where the two data sets,
overlap. Uncertainty due to numerical errors can be significantly decreased by averaging over the results of potentials for many values of δ. The fact that the ion string moves as δ is varied also allows even larger regions to be explored.
The apparatus used to implement such measurements is described elsewhere [12] , and reviewed here. -for processes such as shuttling -can also be analyzed. Fig. 2 shows a series of ion-string images, each taken for different sets of electrode voltages. These were used to calculate the potential seen by the ions as they were moved from left to right along the trap. Use of only a few ions would provide information about the well minima. However, the presence of a large number of ions allows visualization of the entire potential in an instant.
The exact shape of the confining potential (of order mV) is due to small differences between large electrode voltages (of order V). Any imprecision in a computer simulation of the trap can give rise to qualitatively different predicted potentials. For example, for the scenario in Fig. 2 the simulation was qualitatively different (no shuttling was observed between the two separate wells). The direct measurement using ions is clearly a more sensitive and accurate method. to different positions.
In addition to measuring the effects of features on the ion trap itself, the method presented could be used to measure electrical effects on other objects. Short strings of ions have previously been used as real-time field probes [8] . The use of extended ion strings for such applications would allow spatial resolution of the effects under consideration.
The method described here is one dimensional. In the limit of strong radial confinement it can be assumed that the height of the ion string above the trap does not change significantly.
If, however, the radial confinement is weak, the ions' height may change. They will then sample the potential ψ(x, z). For applications such as mapping out a 2D potential, this may be of benefit. The dimensionality of the measurement could also be increased by using 2D [15, 16] or 3D [17] ion crystals. A generalization of Eq. 1 would allow mapping of potentials in two or (with the addition of suitable optics) three dimensions.
In conclusion, a method has been presented to use extended strings of trapped ions as a sensitive probe of electrical potentials. The method can be used both to measure the total potential experienced by the string and to measure the potential due to a single electrode or feature. This can find applications for characterizing and optimizing ion trap geometries, as well as in sensitive measurements of surface physics.
